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observed.	However,	 the	 host	 ranges	 of	 two	 generalist	 species,	Ceratitis quilicii	 and	
Ceratitis capitata,	tended	to	shrink,	as	shown	by	the	decreases	in	species	richness	and	








(Murphy	&	Romanuk,	 2014),	 partly	 because	 invaders	 can	 affect	 the	
structure	of	the	native	community	through	direct	and	indirect	effects	
on	native	species	(Strauss,	Lau,	&	Carroll,	2006).	Invasive	species	can	
interact	 with	 native	 species	 at	 different	 trophic	 levels,	 rearranging	
food	webs	 through	species	extinctions	or	by	 facilitating	 subsequent	
invasions	 (Strauss	 et	al.,	 2006;	Tran,	 Jackson,	 Sheath,	Verreycken,	&	
Britton,	2015),	 e.g.,	 through	 the	 competitive	displacement	of	native	
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Vilà	et	al.,	2011).	The	positive	or	negative	impact	of	the	invader	typically	




















Invasive	 species	 can	 also	 trigger	 horizontal	 reorganizations	 of	 food	
webs,	 by	 altering	 competitive	 relationships	 between	 species	 at	 the	
same	trophic	 level	 through	competition	 for	 resources,	apparent	 (i.e.,	
predator-	mediated),	or	interference	competition.	Such	horizontal	reor-
ganizations	may	even	lead	to	successions	of	invaders,	with	each	new	










The	 exploitation	 strategies	 of	 phytophagous	 insects	 result	 from	



























In	 the	Tephritidae	 family,	 only	 the	 larvae	 are	 phytophagous	 feeding	
on	 fruits,	while	 adults	 feed	on	whatever	provide	 them	protein	 such	
as	 honeydew,	 bird	 feces,	 and	 bacteria	 (Drew,	 Courtice,	 &	 Teakle,	
1983;	Yee,	2003).	This	family	is	known	to	present	a	high	frequency	of	
generalism	compared	 to	other	phytophagous	 insects	 (Clarke,	2017).	
This	may	be	caused	by	the	fact	that	they	feed	on	mostly	vertebrate-	
dispersed	fleshy	fruits	that	evolved	to	be	nontoxic	(McKey,	1979),	and	
Tephritidae	do	not	negatively	 impact	plant	 fitness	 (Aluja	&	Mangan,	
2008;	Clarke,	2017),	while	generalism	seems	overrepresented	in	this	
family,	 a	number	of	oligophagous	 species	associated	with	one	plant	
family	 also	 exist.	 The	 studied	 community	 is	 a	 mixture	 of	 generalist	
(Ceratitis catoirii,	C. capitata,	 and	Ceratitis quilicii	 formerly	 known	 as	
Ceratitis rosa	(De	Meyer,	Mwatawala,	Copeland,	&	Virgilio,	2016))	and	
more	 specialized	 (Dacus demmerezi,	 Dacus ciliatus,	 and	 Zeugodacus 
cucurbitae	 formerly	known	as	Bactrocera cucurbitae	 (De	Meyer	et	al.,	
2015)	and	Neoceratitis cyanescens)	species	(Quilici	&	Jeuffrault,	2001).	
The	most	recent	 invader,	Bactrocera zonata,	 is	native	from	India	and	
found	 in	 many	 countries	 of	Asia	 attacking	 around	 20	 hosts	 mostly	
















We	used	 a	 long-	term	 field	 database	 containing	 information	 col-





as	 the	 reference	 point.	We	 focused,	 in	 particular,	 on	 the	 following	
questions:	(1)	Is	plant	phylogeny	a	good	predictor	of	the	interactions	




2  | MATERIALS AND METHODS
2.1 | Species studied
The	 local	 community	 of	 phytophagous	 insects	 initially	 consisted	 of	
two	 native	 species:	 C. catoirii,	 a	 generalist	 feeding	 on	 many	 plants	
from	different	families,	and	D. demmerezi,	a	specialist	feeding	on	plants	
from	the	Cucurbitaceae	family.	Five	other	species	have	since	succes-
sively	invaded	the	island.	Three	generalists,	C. capitata,	C. quilicii,	and	 
B. zonata,	invaded	the	island	in	1939	and	1955	and	2000,	respectively.	










Field	 campaigns,	 including	 studies	 from	 Vayssières	 (1999),	 Duyck,	
David,	 Pavoine,	 and	Quilici	 (2008),	 and	 Jacquard	 (2012),	were	 con-
ducted	by	CIRAD	(French Agricultural Research Centre for International 
Development)	 agents	 over	 a	 period	 of	 18	years,	 between	 1991	 and	








other	 fly	 species	 in	6%	of	 all	 the	 samples	 of	 the	 study	 and	 in	42%	
in	samples	where	B. zonata	was	present.	Fruits	were	collected	 from	
trees	and	from	the	soil,	 if	they	had	recently	fallen,	regardless	of	the	
presence	 or	 absence	 of	 potential	 oviposition	 marks.	 Fruit	 samples	
were	weighed	and	placed	on	a	grid	over	sand	or	sawdust,	in	a	closed	














of	 matk	 (1,500	bp)	 and	 rbcl	 (1,300	bp)	 chloroplast	 gene	 sequences	
(Hollingsworth	et	al.,	2009).	Sequences	were	obtained	from	GenBank	

















scores	 were	 examined	 graphically	 with	 Tracer	 v1.5	 (available	 from	
http://tree.bio.ed.ac.uk/software/tracer/).	After	 discarding	 trees	 gen-
erated	before	parameter	convergence	(burn-	in	of	10%),	we	determined	
the	consensus	phylogeny	and	posterior	probabilities	of	the	nodes.
2.4 | Analysis of phylogenetic signals before the 
most recent invasion
We	evaluated	the	role	of	plant	phylogeny	in	structuring	the	fly	com-
munity	 before	 the	 B. zonata	 invasion,	 comparing	 its	 explanatory	
power	with	that	of	other	factors,	by	model	selection.	For	this	analy-




a	plant	species	 j	depended	on	 fly	species	 identity	and	plant	species	










(1)logit(pij) ∼ a + bi,




a	 GEE	 model	 procedure	 in	 package	 geepack	 (Halekoh,	 Højsgaard,	
&	 Yan,	 2006)	 in	 R	 (R	Core	Development	 Team,	 2015).	 The	 quasi-	
likelihood	 under	 the	 independence	model	 criterion	 (QIC)	 for	 each	
model	was	 computed	with	 packagemess	 (Ekstrom,	 2014)	 in	 R.	 The	
last	model	was	similar	to	model	(3)	except	that	instead	of	being	in-
dependent	 as	 in	model	 (3),	 observations	were	 assumed	 to	be	 cor-
related,	 their	 dependence	 structure	 being	 defined	 on	 the	 basis	 of	
plant	phylogeny.
The	effects	and	QIC	of	model	 (4)	were	evaluated	using	package	












the	 lowest	QIC	 (Barnett,	Koper,	Dobson,	 Schmiegelow,	&	Manseau,	
2010).
2.5 | Measurements of niche breadth and overlap














































3.1 | Tephritidae community structure before 2000
An	 analysis	 of	GEE	models	 showed	 that	 the	model	 best	 explaining	
community	 structure	 before	 2000	was	 the	M4	model	 taking	 inter-
actions	 between	 plant	 phylogeny	 and	 fly	 species	 into	 account	 (see	
Table	1).	Tephritidae	species	formed	three	groups	(Figure	1).	The	first	
group	 (C. catoirii,	C. capitata,	 and	C. quilicii)	 fed	 on	 plants	 from	 vari-
ous	families,	including	Myrtaceae	and	Rosaceae,	but	did	not	feed	on	
Cucurbitaceae	(with	the	exception	of	two	minor	hosts	for	C. capitata).	
Most	of	 the	host	plants	of	 this	group	were	available	 for	only	a	 few	
months	of	the	year,	because	the	fruiting	period	was	short,	and	many	
of	 the	plants	concerned	were	not	very	abundant	on	 the	 island	 (see	
Figure	S1).	The	native	species	C. catoirii	had	a	narrow	niche	breadth,	
(2)logit(pij) ∼ a + bi + cj,














(6)T(i,k) = (Dβ − 1)∕(N − 1),




Quasi- likelihood under 
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The	 second	 group	 consisted	 of	 the	 native	 species	D. demmerezi 
and	 the	 two	 invasive	 species	D. ciliatus	 and	Z. cucurbitae,	which	 fed	
mostly	on	Cucurbitaceae	and	had	hosts	that	were	very	abundant	on	
the	 island,	with	fruiting	throughout	the	year	 (except	 for	one	host	of	
Z. cucurbitae)	(see	Figure	S1).	These	species	had	less	diverse	diets	than	
C. capitata	 and	 C. quilicii,	 with	 10	 hosts	 for	 Z. cucurbitae	 and	 seven	
each	for	D. ciliatus	and	D. demmerezi	 (Figure	2).	The	third	group,	cor-
responding	to	the	invasive	species	N. cyanescens,	fed	on	fewer	hosts	
than	C. capitata	 and	C. quilicii.	Most	 of	 its	 nine	 hosts	 belong	 to	 the	
Solanaceae	family	and	were	highly	abundant	on	the	island	and	avail-
able	throughout	the	year	(Figures	1	and	2,	see	Figure	S1).
3.2 | Changes in niche breadth after 2000
The	most	 recent	 invader,	B. zonata,	 had	12	host	plants	 and	a	niche	
breadth	Dα	of	1.83,	 consistent	with	a	 low	diversity	of	plant	 species	
in	its	diet;	the	number	of	plant	species	on	which	B. zonata	was	abun-




host	 plants	 in	 common	with	 the	 other	members	 of	 the	 community	
(Table	3).
The	host	range	of	oligophagous	species	within	the	existing	insect	
community—the	 native	 species	 D. demmerezi	 and	 the	 three	 estab-
lished	 species	 N. cyanescens,	 D. ciliatus,	 and	 Z. cucurbitae—remained	
stable	 after	 the	 arrival	 of	 the	 last	 invader	 in	2000.	The	Dα	 index	of	
these	four	species	was	low,	indicating	that	they	were	initially	abundant	
on	very	few	hosts,	and	this	remained	the	case	after	2000	(Table	2).	The	
turnover	 indices	 between	 these	 species	 showed	 that,	 before	 2000,	








after	 the	B. zonata	 invasion	 (Table	2).	Ceratitis quilicii	 did	 not	 lose	 host	
plants,	but	its	niche	breadth	index	Dα	seemed	to	be	lower	(nonsignificant	
difference;	Figure	2,	Table	2).	C. capitata	 lost	 four	host	plants	 (Figure	2)	
and	its	niche	breadth	index	Dα	decreased	significantly	after	2000	(Table	2).
Turnover	indices	for	the	polyphagous	species	before	the	arrival	of	
B. zonata	 showed	 that	C. quilicii	used	 to	 share	hosts	with	C. capitata 
and	C. catoirii,	and	that	C. capitata	and	C. catoirii	had	almost	no	hosts	
in	 common.	 Turnover	 between	 these	 three	 species	 did	 not	 change	









































0 0.1 0.2 0.3 0.5 0.6 0.7 0.9 1






showed	that	 the	arrival	of	an	 invasive	species	seemed	to	affect	 the	
diet	range	of	established	species	sharing	hosts	with	the	invader.
Before	 2000,	 generalist	 species,	 including	 C. catoirii,	 C. capitata,	
and	C. quilicii,	were	found	to	feed	on	many	hosts	from	a	large	number	
of	different	families,	with	the	exception	of	the	Cucurbitaceae	family.	
Ceratitis quilicii	had	more	hosts	in	common	with	C. capitata	and	C. catoi-
rii	than	these	two	species	had	in	common	with	each	other.	Ceratitis ca-
toirii	is	native	to	the	island,	and	C. capitata	was	the	first	fruit	fly	species	





























































































Equivalent numbers of alpha diversity
Before invasion  
[95% CI]
After invasion  
[95% CI]
Polyphagous	species
Ceratitis catoirii 1.27 [1.00; 2.30] 1.00 [1.00; 1.00]
Ceratitis capitata 10.37 [7.45; 13.33] 5.24 [2.89; 7.75]
Ceratitis quilicii 8.91 [6.08; 11.66] 6.13 [3.22; 9.23]
Oligophagous	species
Neoceratitis cyanescens 2.83 [1.22; 4.34] 3.46 [1.90; 5.30]
Dacus demmerezi 1.02 [1.00; 1.47] 1.30 [1.00; 2.60]
Dacus ciliatus 1.61 [1.00; 3.16] 1.91 [1.00; 3.53]
Zeugodacus cucurbitae 2.36 [1.00; 4.48] 3.53 [1.87; 5.17]
Most	recent	invader
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to	invade	the	island.	These	species	have,	therefore,	been	interacting	









communities	 and	 phenological	 variation	 favors	 the	 coexistence	 of	
specialists	 and	generalists	 (Wilson	&	Yoshimura,	1994).	This	pattern	
was	 observed	 here,	with	 generalist	 species	 feeding	mostly	 on	 low-	
abundance	 plants	 available	 for	 only	 a	 few	months	 during	 the	 year,	
requiring	 them	 to	 switch	 from	 one	 plant	 to	 another,	 whereas	 the	
specialists	 mostly	 fed	 on	 highly	 abundant	 plants	 available	 all	 year	
round,	providing	a	permanent	 resource.	The	 large	number	of	differ-
ent	plants	in	the	diets	of	generalists	may	be	considered	an	advantage	
in	 the	 long	 term,	 enabling	 these	 species	 to	 survive	 changes	 to	 the	
flora	 in	 their	 environment	more	 easily.	 However,	 the	 long	 duration	
of	 host	 availability	 for	 specialists	 allows	 a	 better	 foraging	 efficiency	
(Strickler,	 1979).	Most	 of	 the	 hosts	 of	 the	 specialist	 species	 in	 this	
fruit	 fly	community	belonged	to	a	single	plant	family	 (Cucurbitaceae	
or	Solanaceae),	the	members	of	which	probably	have	similar	traits,	due	
to	 their	 phylogenetic	 relatedness	 (Rasmann	 &	Agrawal,	 2011).	 Our	
results	 confirm	 that	 host	 plant	 phylogeny	 accounts	 for	 some	of	 the	
structure	of	the	fly	community.	The	 interaction	between	Tephritidae	
species	 and	 closely	 related	 plants	 had	 been	 outlined	 in	many	 stud-




than	 a	 phylogenetic	 proxy	 of	 plant	 trait	 similarity,	 would	 increase	









specialist	insects	D. demmerezi,	D. ciliatus,	and	Z. cucurbitae	feed,	have	
hard	tissues	requiring	a	robust	ovipositor	for	egg-	laying.
This	 study	 provides	 insight	 into	 the	 persistence	 of	 community	
complexity	 in	natural	 conditions	over	 time	and	 in	 the	 face	of	major	
disturbances,	such	as	invasion.	The	fly	community	of	La	Réunion	was	
monitored	over	 time,	with	data	available	 for	 the	periods	before	and	
after	B. zonata	 invasion.	This	invader	fed	on	few	hosts	on	which	it	 is	
highly	 abundant,	which	 is	 surprising	 because	 this	 species	 is	 known	
to	be	generalist.	The	 few	plants	 species	 attacked	by	B. zonata	 in	 La	
Réunion	are	either	identical	or	closely	related	to	its	hosts	in	its	native	
Species
Turnover of beta diversity
Before invasion  
[95% CI]
After invasion  
[95% CI]
(A)
B. zonata	vs. Ceratitis catoirii – 0.97 [0.59; 1.00]
B. zonata	vs. Ceratitis capitata – 0.96 [0.72; 1.00]
B. zonata	vs. Ceratitis quilicii – 0.90 [0.55; 1.00]
B. zonata	vs. Neoceratitis cyanescens – 1.00 [1.00; 1.00]
B. zonata	vs. Dacus demmerezi – 1.00 [1.00; 1.00]
B. zonata	vs. Dacus ciliatus – 1.00 [1.00; 1.00]
B. zonata	vs. Zeugodacus cucurbitae – 1.00 [1.00; 1.00]
(B)
D. demmerezi	vs. D. ciliatus 0.62 [0.00; 1.00] 0.71 [0.05; 1.00]
D. demmerezi	vs. Z. cucurbitae 0.67 [0.03; 1.00] 0.75 [0.16; 1.00]
Z. cucurbitae	vs. D. ciliatus 0.70 [0.09; 1.00] 0.80 [0.24; 1.00]
N. cyanescens	vs. D. demmerezi 1.00 [1.00; 1.00] 1.00 [1.00; 1.00]
N. cyanescens D. ciliatus 1.00 [1.00; 1.00] 1.00 [1.00; 1.00]
N. cyanescens	vs. Z. cucurbitae 1.00 [1.00; 1.00] 0.99 [0.95; 1.00]
(C)
C. catoirii	vs. C. capitata 0.93 [0.76; 1.00] 0.94 [0.82; 1.00]
C. catoirii	vs. C. quilicii 0.73 [0.42; 0.97] 0.88 [0.47; 1.00]
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area	 suggesting	 that	 at	 least	 during	 its	 initial	 stage	 of	 colonization,	
B. zonata	seems	to	exploit	favorable	hosts.
After	2000,	the	studied	community	underwent	a	horizontal	reor-



















observed	 dietary	 changes	 because	 the	 lost	 hosts	 and	 the	 ones	 on	
which	C. capitata	and	C. quilicii	become	rare	are	only	partly	shared	by	
B. zonata.	However,	the	lack	of	change	in	the	diets	of	species	not	shar-

















Ocean	 (Hassani	et	al.,	2016),	 and	 there	 is	a	high	 risk	of	 this	 species	
invading	La	Réunion.	This	species	is	known	to	be	highly	polyphagous	










being	 attacked	 by	 future	 invaders	 based	 on	 knowledge	 of	 the	 host	
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